A new genus and species of a nonmotile gram-negative rod, Syntrophobacter wolinii, is the first bacterium described which degrades propionate only in coculture with an H2-using organism and in the absence of light or exogenous electron acceptors such as 02, sulfate, or nitrate. It was isolated from methanogenic enrichments from an anaerobic municipal sewage digestor, using anaerobic roll tubes containing a medium with propionate as the energy source in association with an H2-using, sulfate-reducing Desulfovibrio sp. which cannot utilize fatty acids other than formate. S. wolinii produced acetate and, presumably, C02 and H2 (or formate) from propionate. In media without sulfate and with Methanospirillum hungatei, a methanogen that uses only H2-CO2 or formate as an energy source, acetate, methane, and, presumably, C02 were produced from propionate and only small amounts of Desulfovibrio sp. were present. Isolation in coculture with the methanogen was not successful. S. wolinii does not use other saturated fatty acids as energy sources.
Modem concepts of the complete anaerobic degradation of organic matter and methanogenesis in ecosystems without light and low in sulfate, nitrate, or similar electron acceptors indicate that the process is carried out mainly by three general metabolic groups of bacteria with strong metabolic interactions between groups (5, 7,9, 11, 18; D. R. Boone and P. H. Smith, Abstr. Annu. Meet. Am. Soc. Microbiol. 1978, Q82, p. 208). A complex of fermentative bacteria ferments the primary substrates such as cellulose, proteins, and lipids to products such as saturated fatty acids, H2, and C02. The terminal metabolic group includes diverse species of methanogens per se (1) , and the two chief and essential functions of this group are to catabolize the large amount of acetate produced by the primary and secondary microbial groups to methane and C02 and to reduce C02 to methane, using the H2 produced by the other groups as the electron donor (equation C, Table 1 ).
The second metabolic group (obligate protonreducing acetogenic bacteria) is a complex of species involved in: ,8-oxidation of fatty acids of even numbered carbons to acetate and H2 (equation A, Table 1 ) and of fatty acids of odd-numbered carbons to acetate, propionate, and H2; decarboxylation of propionate to acetate, C02, and H2 (equation B, Table 1) ; and, possibly, other reactions such as degradation of certain aromatic acids (9) . This second group is much less well documented than the primary group t Present address: Alberta Research Council, University of Alberta Campus, Edmonton, Alberta, Canada T6G 2C2. and the methanogens (5, 6) . The pioneering work of Stadtman and Barker (15) , using "highly purified" cultures, resulted in the naming of two methanogenic bacteria, Methanobacterium suboxidans, which fl-oxidized short-chain fatty acids, and Methanobacterium propionicum, which oxidatively decarboxylated propionic acid. However, rather than producing H2, these two species were thought to utilize the electrons generated in the oxidations to reduce C02 to methane (equations A + C and B + C, Table 1 ). They were not purported to be pure and were later lost. In 1967, the discovery that Methanobacillus omelianskii was composed of a bacterium that grew and produced acetate and H2 from ethanol only in syntrophic association with an H2-using bacterium such as a methanogen (7) led to the idea that propionate and longerchained fatty acids were catabolized by similar syntrophic associations. This idea is now supported by a considerable body of evidence (5, 6, 11, 18 ; Boone and Smith, submitted); however, the direct demonstration (via isolation in coculture with an H2-using single species) of a nonmethanogenic species that degrades any of the fatty acids has only recently been accomplished (13) .
The anaerobic bacterium fl-oxidizing the normal monocarboxylic, saturated, C4 to C8 fatty acids, with acetate, or acetate and propionate, and H2 being the products (equation B, Basal medium (13) and dilution solution contained 5% rumen fluid, minerals with little S042-, B vitamins, and, usually, an 80% N2-20% CO2 gas phase. A separately sterilized 7% (vol/vol) solution of 5% NaHCO3 and 2% (vol/vol) reducing solution (1.25% each Na2S. 9H20 and cysteine-HCl) were added after the medium was sterilized (13) .
Stock cultures of M. hungatei and Desulfovibrio sp. were maintained in slants of basal medium modified to contain 1% lonagar no. 2 (Colabs, Chicago Heights, Ill.), 30% (vol/vol) rumen fluid, a 10% (vol/vol) solution of 5% NaHCO3, 20 mM each sodium formate and Na2SO4, and 5 mM sodium acetate, with a gas phase of 1:1 H2-CO2. The medium was added in 4-ml amounts to rubber-stoppered tubes (13 by 100 mm), which were inoculated by stabbing; they were incubated until growth occurred and were transferred at about 2-week intervals.
Stock coculture slants of S. wolinii-Desulfovibrio sp. were added to tubes which were inoculated in the same manner as above but which contained basal medium plus 20 mM each sodium propionate and Na2SO4 and 1% Ionagar. Stock cocultures of S. woliniiDesulfovibrio sp.-M. hungatei were made using the same medium except that sulfate was deleted.
Liquid cultures of Desulfovibrio sp. were added (with shaking) in 5-ml amounts to rubber-stoppered tubes (18 by 150 mm) and inoculated with 0.1 ml of culture. The medium used was basal medium plus 5 mM sodium acetate and 20 mM Na2SO4 with 20% C02-80% H2 as the gas phase. The gas phase was replenished as necessary during growth (7) . Liquid cultures of M. hungatei were the same except sulfate was deleted and a 10% C02-90% H2 gas phase was added at 2-atm pressure (1, 2) .
Liquid cocultures of S. wolinii and Desulfovibrio sp. were maintained in basal medium plus 20 mM each Na2SO4 and sodium propionate and were routinely maintained without shaking by weekly transfer of 5 Cultures were checked for purity by examination of wet mounts, using phase microscopy, and by visual and microscopic examination after inoculation and during incubation for 2 to 3 months in fluid thioglycolate medium (Oxoid). Neither M. hungatei nor S. wolinii grew in this medium, and Desulfovibrio sp. showed barely perceptible growth, which was detected with the microscope.
Analytical methods. Optical density for growth estimation of cultures was determined in culture tubes (18 by 150 mm), using a Bausch and Lomb Spectronic 70 spectrometer set at 600 nm. Volumes of tubes were determined by difference in weight between the stoppered tube full of water and the dry tube plus stopper. When gas pressure in the tubes was greater than atmospheric, the excess gas was measured with a syringe (9). Gas was analyzed for H2, CH4, and CO2 by gas chromatography (13) . Sulfide was determined by the method of Truper and Schlegel (17) , and fermentation acids were determined by the butylester method of Salanitro and Muirhead (14) .
RESULTS
Isolation of S. wolinii in coculture. After several transfers the enrichment became stabilized with growth and visible gas production. (Fig. 1) were present. One of the cocultures was chosen for further study. The roll tube isolation procedure was repeated with the coculture as inoculum to insure a pure coculture of a single strain of propionate oxidizer with Desulfovibrio sp. After 5 weeks of incubation, only colonies similar to those described above were seen, except that they were smaller in tubes with a larger inoculum and, therefore, more colonies. Well-isolated large colonies from tubes with less inocula were picked to slants of propionate-sulfate medium. They were all the same morphologically, and one of these (strain DB) was maintained for further studies.
The isolation of this propionate-degrading bacterium in coculture with M. hungatei was attempted. Slants with 20 mM propionate and 0.5 mM sulfate were stab-inoculated with the S. wolinii-Desulfovibrio sp. coculture and with M. hungatei. After 2 weeks, gas splits were seen in the agar, and the culture was transferred to slants with 20 mM propionate and no sulfate. After incubation, microscopic examination revealed large numbers of M. hungatei and the propionate oxidizer and only small numbers of Desulfovibrio sp. The culture was inoculated into liquid medium with 20 mM propionate, and isolation was attempted by using roll tubes with M. hungatei lawns. Very small colonies of De-APPL. ENVIRON. MICROBIOL.
on October 28, 2017 by guest http://aem.asm.org/ Downloaded from sulfovibrio sp. developed only in tubes with the largest inoculum; no other colonies developed even after 3 months of incubation. This procedure was repeated three times, and isolation of a propionate oxidizer directly from the enrichment culture was also attempted by using roll tubes with M. hungatei lawns, but all attempts were unsuccessful. After 3 months of incubation of roll tubes, the resorufin in about half of the tubes had turned pink, indicating exposure to oxygen.
Morphology. S. wolinii was a gram-negative rod which occurred in pairs with many single cells and short chains, and also with filaments ( Fig. 1 ). Cells were highly refractile, 0.6 to 1.0 ,um wide and 1.0 to 4.5 t,m long, with filaments up to 35 ,im long. No spores were observed. The organism was not seen to be motile, and no flagella were observed with electron microscopy of cells stained with uranyl acetate or phosphotungstic acid, although flagella of the Desulfovibrio sp. were readily observed. Thin-section electron micrographs confirmed the gram-negative nature of the cell wall.
Growth rates. Growth rates of the S. woliniiDesulfovibrio sp. coculture were determined using basal medium with 20 mM propionate and 20 mM sulfate and an 8% inoculum of the coculture (Fig. 2) . Four determinations based on the steeper part of the curves were averaged, to give a doubling time of 87 ± 7 h. The growth rate of the S. wolinii-M. hungatei coculture (with Desulfovibrio sp. present) was determined in triplicate tubes, using media with 20 mM propionate but without sulfate. A doubling time of 161 ± 18 h was found.
Sulfide inhibition. Concentrations of 5 and 10 mM Na2S added to a 15 mM propionate-5 mM Na2SO4 coculture of S. wolinii-Desulfovibrio sp. inhibited propionate degradation by about 23 and 51% when analyzed after 1 month of incubation, whereas 15 mM sodium acetate or NaCl inhibited it by only 13 and 6%, respectively. Growth was similarly affected. Whether the main effect of sulfide was on S. wolinii or Desulfovibrio sp. is not presently determinable, but this and other strains of Desulfovibrio sp. rapidly utilized at least 50 mM lactate (equivalent to production of 25 mM sulfide), suggesting that the main effect of sulfide was on S. wolinii.
Substrate specificity. The S. wolinii-Desulfovibrio sp. coculture grew only when propionate and sulfate were present in the medium and other fatty acids did not support growth (Table  2 ). In media containing substrates such as lactate plus sulfate or pyruvate, which are utilized directly by the Desulfovibrio sp., the organism grew so rapidly that it was not possible to detect the possibility of growth by S. wolinii. Neither organism grew in medium containing propionate and sulfate if tubes of medium were opened to allow brief exposure to air. In stab cultures, fate).
VOL. 40, 1980 on October 28, 2017 by guest http://aem.asm.org/ Downloaded from growth was only evident deep in the tubes well below the point where resorufm was pink; the same was true with sulfate deleted from the medium and M. hungatei added to the culture, except that gas was then produced in the deeper part of the stab culture. This suggests that S. wolinii is a strict anaerobe. Fermentation products. The S. wolinii-Desulfovibrio sp. coculture grown on sulfate and propionate produced acetate, sulfide, and, presumably, CO2, and the S. wolinii-M. hungateiDesulfovibrio sp. coculture without sulfate added to the medium produced acetate, methane, and, presumably, C02 (Table 3) . No organic Further attempts to coculture S. wolinii with an H2-using methanogen alone should be attempted with M. hungatei or other H2-using methanogens with anaerobic techniques which maintain the anaerobic conditions for longer periods of time. Pure cultures of S. wolinii should be attempted after the organism is obtained in pure coculture with a methanogen with more limited energy sources (as compared with Desulfovibrio sp.) so that the possibility of energy sources utilizable by S. wolinii alone can be studied effectively.
S. wolinii represents a new genus of bacterium because no other pure or known two-species cocultures of bacteria have been named which anaerobically degrade propionic acid in the absence of a light or electron acceptor such as sulfate or nitrate. From our experience with enrichments it seems probable that the grampositive, motile cells of M. propionicum from mud of San Francisco Bay (15) represent an unknown species of H2-using methanogen. The mud could have contained S. wolinii which would be difficult to detect.
The type species of the genus S. wolinii is named in honor of M. J. Wolin, who first suggested that there might be bacteria in nature that would grow with fatty acids and possibly other energy sources only in the presence of H2-using organisms such as methanogens. He further suggested that such associations might be isolated by using lawns of methanogens similar to those used in this and a previous study (13) .
Syntrophobacter wolinii gen. nov. sp. nov., syn.tro.pho.bac.ter, Gr. adj. syn together with; Gr. n. trophos one who feeds; M.L. n., bacter, masc. equivalent of Gr. neut. n. bacterion small staff, rod; M.L. masc. n. Syntrophobacter rod which feeds together with (another species); wolin .i.i, M.L. gen. n. wolinii of Wolin.
Cells are gram-negative rods occurring singly and in pairs with some short chains and filaments. The cell width is 0.6 to 1 ,um, with filaments up to 35 ,um long. 
